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013.10.0Abstract This paper investigates motion coupling disturbance (the so called surplus torque) in the
hardware-in-the-loop (HIL) experiments. The ‘‘velocity synchronization scheme’’ was proposed by
Jiao for an electro-hydraulic load simulator (EHLS) in 2004. In some situations, however, the
scheme is limited in the implementation for certain reasons, as is the case when the actuator’s valve
signal is not available or it is seriously polluted by noise. To solve these problems, a ‘‘dual-loop
scheme’’ is developed for EHLS. The dual-loop scheme is a combination of a torque loop and a
position synchronization loop. The role of the position synchronization loop is to decouple the
motion disturbance caused by the actuator system. To verify the feasibility and effectiveness of
the proposed scheme, extensive simulations are performed using AMESim. Then, the performance
of the developed method is validated by experiments.
ª 2013 Production and hosting by Elsevier Ltd. on behalf of CSAA & BUAA.
Open access under CC BY-NC-ND license.1. Introduction
Load simulator (LS) is a crucial device in hardware-in-the-
loop (HIL) experiments, and it is widely used in aerospace
engineering. Its main function is to produce a load torque/
force acting on an actuator system, so that the control perfor-
mance and reliability of the whole actuator system can be
tested in a laboratory. The designer of the actuator system,
by virtual of the LS, can foresee and detect potential problems
related to the mechanics and ﬂight control system.182338938.
t (C. Wang), zxjiao@buaa.
orial Committee of CJA.
g by Elsevier
ing by Elsevier Ltd. on behalf of C
02According to its energy source type, the LS can be classiﬁed
into three types: electro-hydraulic load simulator (EHLS),
electric load simulator (ELS) and pneumatic load simulator
(PLS). Compared with ELS and PLS, EHLS has some advan-
tages, such as durability, high power to weight ratio and reli-
ability.2–4 In view of these, EHLS has found wide
application in aircraft and missile industries,5,6 automotive
industry,7 robotics and the fault tolerant ﬁeld.8 Different from
the familiar loading system, EHLS needs to track the torque/
force reference under an actuator’s active motion disturbance.
Because of the direct connection between the actuator and
EHLS, the torque output of the EHLS is seriously inﬂuenced
by the actuator’s motion. Liu named the disturbance ‘‘surplus
torque/force’’.9 In broad terms, the performance of an LS is
largely determined by the level of surplus torque suppression.
How to eliminate the actuator’s motion disturbance has
been of great interest for both academia and industries. In
this paper, these studies are divided into four types, i.e.,SAA & BUAA. Open access under CC BY-NC-ND license.
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pensation method, (C) robust control method, and (D) velocity
synchronization method.
The basic idea of the parameter optimization method is to
reduce the intensity of an actuator’s disturbance through the
optimization of some parameters, such as the leakage coefﬁ-
cient of the loading system,5,10 the connecting stiffness between
the actuator and the loading system,11,12 etc. The advantage of
these methods is easy implementation, but it is always accom-
panied by some ‘‘side effects’’. The feed-forward compensation
method is based on the linear theory, and the most usual feed-
forward signal is the actuator’s velocity.5,13 For the robust
control methods of LS, certain control algorithms with robust
property are performed for it. So far the H1 mixed sensitivity
theory,14 quantitative feedback technology (QFT) and distur-
bance observer technology15,16 have been investigated for
EHLS. In addition, the neural networks17 and self-tuning fuz-
zy PID18 have been applied to EHLS. The velocity synchroni-
zation method employs a control scheme proposed by Jiao
et al. in 2004.19 For this method, the actuator’s valve input
is used and superimposed on the control output of the torque
controller. This method has been applied in several HIL exper-
iments successfully, and certain effectiveness is acquired. How-
ever, it has encountered some problems during the
implementation in a number of situations (see Section 3).
This paper tries to solve the problem of actuator’s motion
disturbance by a simple engineering way. The main contribu-
tion of this work is that a dual loop control scheme is proposed(a) Schematic presenta
(b) Oil line p
Fig. 1 Schematic and oilfor EHLS. The rest of the paper is organized as follows. Sec-
tion 2 establishes the mathematical model of EHLS. Then,
the surplus torque problem is analyzed based on the mathemat-
ical model. In Section 3, the problem encountered during the
implementation of the velocity synchronization method in
practice in analyzed. Section 4 presents the results of simulations
and experiments. Finally, conclusions are drawn in Section 5.2. Description of EHLS
2.1. System structure
In general, an HIL experiment is composed of two servo sys-
tems: the actuator system and the loading system. The sche-
matic diagram and oil line principle are described by Fig. 1.
In the ﬁgure, JL is the rotary inertia of the loading shaft, Gs
is the stiffness of the torque sensor, yL and yR are the angular
displacement of the loading and actuator system, P1 and P2 are
the pressure inside each of the two chambers, xv is the spool
displacement of the loading valve, Ps and P0 are the supply
and return pressure.
In Fig. 1(a), the left part represents the position actuator
system which consists of a servo valve, a hydraulic swing mo-
tor and an angular encoder. The actuator angle is feedback
into the actuator controller to achieve closed loop angle con-
trol. The right part is the loading system which is composed
of a valve controlled hydraulic swing motor, a torque sensor,tion of the EHLS
rinciple 
line principle of EHLS.
1588 C. Wang et al.an angular encoder and an inertia disk to simulate the inertia
of the control surface. The encoder in the EHLS has two func-
tions. On the one hand, it is necessary for measuring the angle
of the loading shaft so that the proposed method can be em-
ployed. On the other hand, in some hardware-in-the-loop
experiments, the reference angle value for the control surface
can be provided by this encoder. The motion of the actuator
system will inﬂuence the torque tracking performance. In order
to investigate how the actuator’s active motion impacts the
loading performance, a mathematical model of the EHLS is
established.2.2. Mathematical model of EHLS
First, the ﬂow equilibrium equations of the servo valve and
hydraulic swing motor of the EHLS are built. Before model-
ing, it is assumed that: (A) the servo valve is matched symmet-
rically with an ideal zero opening and zero lapping; (B) the
spool of the valve radial-clearance leakage is negligible; (C)
the supply source is stable and the return pressure is zero.
Applying the law of ﬂow continuity, the inﬂow and outﬂow
of the loading motor can be expressed as:
Q1 ¼ DL _yL þ
V1
be
_P1 þ CtðP1  P2Þ ð1Þ
Q2 ¼ DL _yL 
V2
be
_P2 þ CtðP1  P2Þ ð2Þ
where Q1 and Q2 are the supply and return ﬂow rate, respec-
tively; DL is the displacement of the loading motor, _yL the
angular velocity of the loading system; V1 and V2 are the con-
trol volume of each of the two chambers of the loading motor;
be is the effective bulk modulus, and Ct the internal leakage
coefﬁcient.
Deﬁne the load ﬂow and load pressure as
QL ¼
Q1 þQ2
2
ð3Þ
PL ¼ P1  P2 ð4Þ
where QL is the load ﬂow rate of the loading system, and PL
the differential pressure between P1 and P2.Fig. 2 Scheme of the velocitNotice that,
V ¼ V1 þ V2 ð5Þ
P1 ¼ Ps þ PL
2
ð6Þ
P2 ¼ Ps  PL
2
ð7Þ
where V is the total control volume of the loading system.
Combining Eqs. (1)–(7), the load ﬂow continuity equation
is given as
QL ¼ DL _yL þ
V
4be
_PL þ CtPL ð8Þ
The control ﬂow equation of the loading valve is given by2
QL ¼ Cvxxv
ﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
Ps  sgnðxvÞPL
q
s
ð9Þ
where Cv is the discharge coefﬁcient of the loading valve, x the
area gradient of the loading valve, and q the oil density.
The linear ﬂow equation at null spool position is given by
QL ¼ Kqxv ð10Þ
where Kq ¼ Cvx
ﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
Ps=q
p
is the null ﬂow gain of the loading
valve.
The torque equilibrium equation of the loading shaft is
DLPL ¼ JL€yL þ BL _yL þ T ð11Þ
where BL is the damping coefﬁcient of the loading motor.
The output torque
T ¼ GsðyL  yRÞ ð12Þ
Combining Eqs. (8), (10)–(12), the mathematical model can
be given by Laplace-transform
TðsÞ ¼ KqDLxvðsÞ  BðsÞsyRðsÞ
CðsÞ ð13Þ
BðsÞ ¼ JLV
4be
s2 þ JLKt þ BLV
4be
 
sþ BLKt þD2L ð14Þ
J V B V K J
 
D2 þK B V 
CðsÞ¼ L
4beGs
s3þ L
4beGs
þ t L
Gs
s2þ L t L
Gs
þ
4be
sþCt ð15Þy synchronization method.
(a) Contaminated signal actuator valve input 
(b) Experimental results based on the contaminated signal 
Fig. 3 Actuator valve input and experimental data with the
velocity synchronization method.
An experimental study of the dual-loop control of electro-hydraulic load simulator (EHLS) 1589where s is the Laplace operator and Kt the total stiffness coef-
ﬁcient of EHLS (m5/(Ns)).
2.3. The problem of surplus torque
Notice that the numerator of Eq. (13) consists of two parts.
The term KqDLxv(s) means the torque output can be controlledFig. 4 Structural diagramby regulating spool displacement xv. The term B(s)syR(s) rep-
resents the coupling disturbance caused by the actuator’s mo-
tion. From the view point of Eq. (13), the surplus torque is
deﬁned as the torque output caused by the term B(s)syR(s) un-
der the condition of xv = 0. The root of the surplus torque is
revealed by Eq. (14). It is found that the surplus torque is re-
lated to the velocity, acceleration and acceleration derivative
of the actuator system. This sounds somewhat complicated.
Compared with the latter two factors the actuator’s velocity
plays an absolutely major role in motion coupling
disturbance.20,21
3. The dual-loop control method of EHLS
3.1. The structure of the velocity synchronization control scheme
The actuator velocity for a valve controlled hydraulic actuator
is determined by the load ﬂow which is regulated by the valve
opening. Furthermore, the valve opening is controlled by the
valve input. Therefore, a wealth of information about the actu-
ator’s velocity is included in the input of the actuator valve.
This can also be interpreted from the perspective of the posi-
tion model of the actuator system. Over the low frequency
band, the transfer function from the valve spool displacement
to the angular output can be regarded as an integral system.
The actuator valve’s input, as the input of the integral system,
can be viewed as the actuator’s velocity instruction in a sense.
Based on this analysis, it is easy to understand the velocity syn-
chronization control scheme, whose principle diagram is
shown in Fig. 2. As is shown in the ﬁgure, the input of the
actuator valve is adjusted by a proportional coefﬁcient Kc,
and added to the control output of the loading system.
3.2. The problem encountered
The precondition of implementing the velocity synchroniza-
tion method is that a good quality synchronization signal mustof dual loop scheme.
(a) Principal diagram of dual-loop control
(b) Deformation of Fig. 5(a)
Fig. 5 Frequency block diagram of dual-loop control.
1590 C. Wang et al.be available. That is to say, the actuator valve signal should be
free of noise. However, this condition cannot always be met in
practice. In some HIL experiments, there is no actuator valve’s
signal at all, as is the case when the loaded object is an electro-
metrical actuator (EHA). Even if the synchronization signal is
available for the valve controlled hydraulic actuator system,
the performance of the velocity synchronization scheme is lim-
ited by noise pollution. The following data came from a prac-
tical HIL loading experiment. As shown in Fig. 3(a), the upper
plot is the original actuator valve signal and the lower one is
the contaminated signal, which is caused after implementing
the ‘‘dynamic pressure feedback strategy’’. The so called ‘‘dy-
namic pressure feedback strategy’’ is to feedback the pressure
differential to improve the control performance of the actuatorFig. 6 AMESim msystem. In this situation, the torque output oscillates violently
with the ‘‘velocity synchronization scheme’’, as shown in
Fig. 3(b). Obviously, the oscillation is caused by the ‘‘synchro-
nization signal’’.
3.3. The dual-loop control strategy
For the loading system, there are two task to perform. The ﬁrst
is to move synchronously with the actuator system, and the
second is to track the torque instruction. Based on the idea
of function division, these two tasks can be decomposed
and undertaken by two controllers. Therefore, a position
synchronization loop controller and a torque loop controller
can work for EHLS simultaneously. The role of the positionodel of EHLS.
(a)15°-1 Hz
(b) 10°-2 Hz 
(c) 5°-5 Hz 
An experimental study of the dual-loop control of electro-hydraulic load simulator (EHLS) 1591synchronization controller is to decouple the actuator’s motion
disturbance, and the torque loop controller is responsible for
tracking torque instruction. Based on this analysis, the struc-
ture diagram of the developed method can be shown in Fig. 4.
But, there is a potential conﬂict between the torque loop
and position loop control. This problem is investigated from
the perspective of the frequency characteristics of the two
loops. Combining Eqs. (8) and (10), the principle diagram of
the dual loop scheme can be illustrated as Fig. 5(a), in which
the transfer functions Ctor(s) and Csyn(s) represent the torque
loop controller and synchronization loop controller, respec-
tively. Fig. 5(a) can be transformed into Fig. 5(b), in which
G0(s) represents the integrated dynamics. Thus, the dynamic
characteristics of the two loops can be given as follows
FtorðsÞ ¼ CtorðsÞGðsÞG0ðsÞ
G0ðsÞ þ CtorðsÞGðsÞ ð16Þ
FsynðsÞ ¼ CsynðsÞGðsÞ
1þ CsynðsÞGðsÞ ð17Þ
where Ftor(s) and Fsyn(s) are the transfer functions of the tor-
que loop and synchronization loop, respectively. Note that
our goal is to track the torque instruction as accurately as pos-
sible. The position loop is just introduced to decouple the actu-
ator’ motion disturbance. As long as the dynamics of Ftor(s) is
faster than that of Fsyn(s), the priority of the torque tracking
can be guaranteed. This is achieved by making a trade-off be-
tween the controller Ctor(s) and Csyn(s).
4. Simulation and experiment
4.1. Simulation results
To verify the feasibility of the proposed strategy, a simulation
study is performed in this section. The EHLS model using
AMESim is given in Fig. 6, and the main parameters used in
the simulation are shown in Table 1. In the AMESim model,
the left part stands for the loading system and the right part
is the actuator system. In this section, six simulations are per-
formed. Four are aimed at testing the ability against surplus
torque, and two for verifying the dynamic loading
performance.
For the surplus torque simulation, the torque reference
instruction of the loading system is zero while the actuator sys-
tem is tracking sinusoidal reference instructions of 15-1 Hz,
10-2 Hz, 5-5 Hz and 3-10 Hz, respectively.
In Fig. 7, the blue solid curves denote the surplus torque
just resorts to the torque loop PI controller, and the red dottedTable 1 Simulation parameters.
Simulation parameter Value
Motor displacement (cm3/rad) 58
Disc inertia (kgÆm2) 0.022
Torque sensor stiﬀness (NÆm/rad) 2.28 · 106
Damp coeﬃcient (NÆmÆs/rad) 10
Supply pressure (MPa) 18
Load shaft inertia (kgÆm2) 0.25
Shaft stiﬀness (NÆm/rad) 1.5 · 106
PI controller P-0.8, I-2.6
(d) 3°-10 Hz 
Fig. 7 Surplus torque simulation: torque error with actuator
tracking.curves represent the surplus torque based on the proposed
method. Simulation results prove that the faster the actuator
operates, the stronger is the surplus torque it produces. This
conﬁrms the analysis based on the mathematical model built
in Section 2. As shown in Fig. 7(d).
(a) Simulation results with PI control 
(b) Simulation results with dual loop method 
Fig. 8 Dynamic tracking comparison, actuator tracks 2-3 Hz,
loading system tracks 50 Nm-3 Hz.
(a) Simulation results with PI control 
(b) Simulation results with dual loop method 
Fig. 9 Dynamic tracking comparison, actuator tracks 1-5 Hz,
loading system tracks 100 Nm-3 Hz.
1592 C. Wang et al.In Fig. 7, the robustness against disturbance is enhanced
signiﬁcantly based on the proposed method. The surplus tor-
que is attenuated to 1.6, 2.9, 8.0, 18.6 Nm from 70.5, 99,
126 and 160 Nm, respectively. The residual surplus torque ac-
counts for only 2.3%, 3%, 8% and 11.6% of the original va-
lue. Notice that with the acceleration of the motion
frequency of the actuator system, the tracking performance
deteriorates gradually. This can be interpreted as that the
intensity of the surplus torque is also proportional to the angu-
lar acceleration of the actuator system. The proportion of sur-
plus torque contributed by the angular acceleration grows as
the frequency of the actuator system increases.
For the upper ﬁgure in Figs. 8 and 9, the red dotted curves
denote the load instruction and the blue solid curves represent
the torque sample, respectively. Curves in the lower ﬁgure de-
note the torque error. As is shown, the loading system tracks
sinusoidal signal 50 Nm-3 Hz while the actuator system isTable 2 Main components of the test rig.
System unit Element Type
Supply source system Piston pump A4VSO4
Motor 30 kW, 3
Relief valve DBW10B
Pressure reducing valve DREME
Loading and actuator system Hydraulic swing motor Dm: 58 c
Servo valve D765-SH
Digital encoder ECN413
Torque sensor Strain ga
Control system Industrial computer IEI WS-
A/D card PCI-1716
D/A card PCI-1723operating with sinusoidal signal 2-3 Hz. In Fig. 9, the load
system tracks sinusoidal signal 100 Nm-3 Hz while the actua-
tor system is operating with sinusoidal signal 1-5 Hz. Simula-
tion results show that the torque tracking performance based
on the proposed method is improved by more than 70%.
4.2. Experiment veriﬁcation
4.2.1. Experimental setup conﬁguration
The EHLS consists of a hydraulic swing motor, a mechanical
framework, a servo valve, a torque sensor, an angle encoder
and a computer included PCI-bus multifunction card. A 16-
bit A/D converter and a 16-bit D/A converter are used. The
speciﬁc parameters and brands of the components of the test
bed are listed in Table 2.Maker Quantity
0DR/10PRB25NOO REXROTH 1
80 V, 4 poles, B35 ABB 1
1-5X/315-6EG24N9K4 REXROTH 1
10-4X/315YMG24K31M REXROTH 1
m3/rad, swing range: ±55 Self-developed 1
R-5: 19 L/min MOOG 2
(precision: 2000) HEIDENHAIN 2
uge (HBM), precision: ±0.3% Institute701 2
855GS ADVANTECH 1
/16, sampling rate: 250 kHz ADVANTECH 1
/8, 16bitDAC ADVANTECH 1
(a) Photo of EHLS 
(b) Structure of the experimental platform 
Fig. 10 Test rig system.
(a) Torque error with actuator tracking 10°-1 Hz
(b) Torque error with actuator tracking 5°-5 Hz
(c) Torque error with actuator tracking 2°-8 Hz
(d) Torque error with actuator tracking 1°-10 Hz 
Fig. 11 Surplus torque comparison experiments.
An experimental study of the dual-loop control of electro-hydraulic load simulator (EHLS) 1593The photograph of the platform is shown in Fig. 10(a) and
its structure in Fig. 10(b), in which 1 is the pump, 2 is the relief
valve, 3 is the pressure reducing valve, 4 and 9 are the loading
and actuator hydraulic swing motor, respectively, 5 and 8 are
angular encoders, 6 and 7 are servo valves, 10 is an inertia disc
to simulate the moment inertia of the control surface and 11 is
a torque sensor. The simulation actuator system is used to gen-
erate motion disturbance, so that the real HIL work conditions
can be reproduced. The ﬂapper type servo-valves (D765) man-
ufactured by MOOG company are used. The effective angle
range of the hydraulic swing motor is ±55. The angle posi-
tion and torque feedback are obtained by the angle encoder
and patch type torque sensor, respectively. The whole experi-
mental setup consists of four parts: the oil source system, the
mechanical bed, the load system and the simulation actuator
system. In the oil source system, a variable displacement pump
is used and driven by an AC motor so that the pump is capable
of supplying pressured oil. The security pressure is restricted to
31 MPa by a relief valve. The pressure output can be set to any
value between 0 and 21 MPa by regulating proportional pres-
sure reducing valve 3.
4.2.2. Experiment results
The proposed dual loop method is also implemented on the
hydraulic setup introduced above. With frequency from low
to high, four experiments of motion disturbance suppression
and two for dynamic loading are conducted. The ability to
suppress surplus torque is shown in Fig. 11. The performance
of dynamic loading is given in Figs. 12 and 13. For the exper-
iments of surplus torque suppression, let the torque instruction
be 0, and let the actuator track the sinusoidal position instruc-
tion 10-1 Hz, 5-5 Hz, 2-8 Hz and 1-10 Hz, respectively.First, the experiments are performed just using torque loop
PI controller (P-0.68, I-4.5). Then, the same experiments are
performed based on the proposed method with a synchroniza-
tion loop PI controller (P= 0.5, I= 0.2). Finally, a random
load spectrum experiment is performed using the dual loop
method.
The surplus torque comparative results relate to PI control
and dual-loop control are given in Fig. 11(a)–(d). As shown,
the blue dotted curves represent the surplus torque just using
PI controller, and the red solid curves represent the surplus
torque based on the dual loop method. The experiment data
show that the surplus torque is reduced to 8 Nm from
(a) PI control
(b) Dual loop method
(c) Torque error comparison.
Fig. 12 Dynamic experiment, with EHLS tracking 300 Nm-1 Hz
and actuator tracking 5-1 Hz.
(b) Dual loop method
(c) Torque error comparison 
(a) PI control
Fig. 13 Dynamic experiment, with EHLS tracking 200 NÆm-
0.5 Hz and actuator tracking 1-3 Hz.
Fig. 14 EHLS tracking random load spectrum with the devel-
oped method.
1594 C. Wang et al.125 Nm in Fig. 11(a), to 20 Nm from 360 Nm in Fig. 11(b),
to 25 Nm from 450 Nm in Fig. 11(c) and to 10 Nm from
270 Nm in Fig. 11(d). Experiment results prove that the ability
against actuator motion disturbance is improved by 93.6%,
94.4%, 94.5% and 96.3%, respectively.
To test the torque tracking performance with the actuator’s
motion disturbance, let the EHLS track 300 Nm-1 Hz, and the
actuator track 5-1 Hz. Fig. 12(a) depicts the tracking results
by just using torque PI controller, and Fig. 12(b) shows the
experiment results with the dual loop method. Their torque
tracking errors are compared in Fig. 12(c). Fig. 13 gives the
comparison results for torque reference 200 Nm-0.5 Hz with
the actuator’s sinusoidal disturbance of 1-3 Hz. As shown,
the torque tracking errors are reduced to 44 Nm from
130 Nm, and to 25 Nm from 110 Nm, respectively. The
experiment data illustrate that tracking performance is im-
proved by 68.5% and 77.3%, respectively.
An experimental study of the dual-loop control of electro-hydraulic load simulator (EHLS) 1595The tracking performance of a random load spectrum is
illustrated in Fig. 14. In the upper ﬁgure, the red solid curve
is the random load spectrum and the blue dot curve is the tor-
que sample with the dual loop method. The corresponding an-
gle position of the actuator system is shown in the lower plot.
The excellent performance of tracking the random load spec-
trum further conﬁrms the effectiveness of the proposed
scheme.
5. Conclusions
This paper addresses the problem of noise pollution encoun-
tered in an HIL experiment when implementing the velocity
synchronization control scheme. Instead of using the valve
input signal of the actuator valve, a dual-loop scheme is
proposed for EHLS to solve the motion coupling distur-
bance. Extensive comparative simulations and experiments
prove that the ability to suppress surplus torque and the dy-
namic tracking performance of EHLS is improved signiﬁ-
cantly by the proposed method. Compared with the
previous method, this approach needs neither the velocity
signal nor the valve control signal of the actuator system.
Moreover, the remarkable advantage of the method is its
simple structure and ease of application in practice. Obvi-
ously, this control scheme can be applied not only to EHLS,
but also to ELS and PLS.Acknowledgements
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